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The effect of changing the ratio of aluminium diethyl phosphinate (as Exolit OP 1230) and zinc stannate 
(as Flamtard S) present within a glass-reinforced high temperature polyamide (HTPA/GF) at a constant 
total flame retardant level of 15 wt% is shown to have fire performance properties that depend on the 
ratio of both these agents. Aluminium diethyl phosphinate (AlPi) alone at 15 wt% gives LOI>40 vol% 
and a V-0 rating. The introduction of zinc stannate (ZS) at levels up to 3.75 wt% maintains the LOI at 
about 40 vol% and the V-0 rating. Similarly, glow wire ignition temperatures and cone calorimetry 
results, in terms of minimal peak heat release rate, show that optimum fire performance also occurs at 
the [ZS] ≤ 3.75% and [AlPi] ≥ 11.25% condition.  
Smoke generation reduces only slightly when highest levels of AlPi are present compared with the 
HPTA/GF sample and then reduces further as the ratio [ZS]/[AlPi] increases. Tensile and impact 
properties are also optimal for the [ZS] ≤ 3.75 wt% and [AlPi] ≥ 11.25 wt% condition.  
At the mechanistic level, TGA studies show that for  HPTA/GF, the presence of oxygen increases char 
residue in the 450-550 oC region compared to when heated under nitrogen. Air oxidation further 
increased residues above 450oC when AlPi is present and confirms other published work that the 
reported volatilization occurring during pyrolysis under nitrogen is now in competition with its oxidation 
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to aluminium phosphate. Thus residues above 450oC in air comprise both increased char from HTPA 
plus residual aluminium phosphate with the latter remaining above 600oC after the former has oxidized. 
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The need for halogen-free flame retardants present at relatively low concentrations, preferably 20 wt% 
or less, is increasing as engineering polymers such as the high temperature polyamides (HTPA) 
become a preferred matrix for electronic components which must demonstrate high electrical insulation 
properties at temperatures above ambient coupled with excellent physical and tensile properties. 
HTPAs comprise aliphatic and aromatic comonomeric repeats which, while ensuring higher levels of 
temperature and physical performance in the solid state, are also melt processible at temperatures 
usually in the range 320-330oC where many brominated flame retardants start to degrade. 
Furthermore, the need for minimal flame retardant concentrations is required if mechanical properties 
reflecting those of the pure polymer (usually reinforced by glass fibre) is to be maintained. Minimising 
the overall flame retardant concentration will depend on a number of factors including single flame 
retardant effectiveness and the possibility of using flame retardant mixtures where one of the 
components may be a synergist. 
 
Recent work in our laboratories has quantified the well-known synergistic effect of zinc stannate (as 
Flamtard S, William Blythe Ltd) on various bromine-containing flame retardants in polyamide 6 (PA6) 
and 6.6 PA6.6) [1].   The less well known potential zinc stannate synergy with phosphorus-containing 
flame retardants (P-FRs) initially cited by Jung et al [2] in polycarbonate /ABS blends containing 
huntite-hydromagnetite (basic magnesium carbonate) and triphenyl phosphate (TPP), was 
subsequently observed by ourselves [3] in poly(vinyl chloride) containing a phosphorus-ester-based 
plasticizer and either zinc stannate (ZS) or zinc hydroxystannate (ZHS). More recent work [4] has 
shown that potential ZS/P-FR synergy exists in polyamide 6, particularly when an aryl phosphate such 
as resorcinol bis-(diphenyl phosphate) (as Reofos RDP, Chemtura) was present in combination with 
melamine phosphate (as Melapur 200, Ciba). For example while Reofos RDP at 5 wt% alone in PA6 
gave LOI=24.0 vol% and a UL94 test V-2 rating and Melapur 200 at 10 wt% gave LOI=22.9 vol% and a 
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UL94 “Fail”, the two together produced an LOI value of 23.7 vol% and a UL94 test “Fail” which 
suggested some degree of antagonism between the two flame retardants, However on addition of zinc 
stannate at 7.5 wt%, the overall flame retardancy improved yielding LOI=26.5 vol% and a restoration of 
the UL94 rating to V-2. 
 
In this same work, we investigated combinations of ZS and AlPi (as Exolit OP1312, Clariant) in PA6 at 
respective levels of 6.6-8.9 wt% and 7.5-10.0 wt% and noted that addition of ZS raised the LOI value by 
about 0.5 vol% and that char promotion was observed. This was corroborated by a considerable 
increase in TGA-derived residual char at 500oC under nitrogen. However, UL94 testing still yielded a 
“Fail”. It should be noted that Clariant recommend a minimum level of 15-20 wt% of their various 
aluminium diethyl phosphinate formulations [5, 6] in glass-filled aliphatic polyamides in order to achieve 
a UL94 V-0 rating. 
 
Braun et al [7] have examined the flame retardant mechanism of AlPi in glass fibre-reinforced PA6.6 
and find that when present alone, the major flame retarding activity generally occurs in the gas phase. 
However, they record that addition of melamine polyphosphate promotes condensed phase reaction by 
formation of a complex aluminium phosphate-based barrier layer that is further enhanced when zinc 
borate is present. Very recently this same group [8] reported the flame retardant effectiveness of 
aluminium diethyl phosphate in a glass-fibre-reinforced, high temperature copolyamide (Zytel HTN501, 
DuPont) comprising poly(hexamethylene diamine terephthalamide) and poly(2,methyl-pentamethylene 
terephthalamide) blocks. UL94 V-0 ratings were obtained at 15 wt% loadings of AlPi and flame 
retardant activity was observed to be mainly in the gas phase with some condensed phase activity 
occurring under oxidative conditions prior to polymer ignition. 
 
In this work we examine the effect of adding zinc stannate together with aluminium diethyl phosphinate 
present at a total concentration of 15 wt% in a commercial high temperature polyamide containing 30  
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wt% glass fibre. Both flammability properties in terms of LOI, UL94 and cone calorimetric behaviour are 
reported together with the engineering properties of tensile, impact and glow wire ignition (GWIT) 
behaviours. 
 
2. EXPERIMENTAL AND MATERIALS 
2.1 Materials  
The high temperature polyamide (HTPA) used was Vestamid HT plus, a PA6T/66 copolymer 
manufactured by Evonik Industries AG which is stated to be a semi-crystalline HTPA stable at high 
temperature (melting point ~315oC) with a high rigidity and tensile strength. This polymer was 
compounded in the process laboratories of Clariant with Vetrotex EC 10 glass fibre 995 (4.5 mm strand 
length / dia.=10 μm) to create a reinforced HPTA comprising 30 wt% glass fibre. 
Flame retardants were Exolit 1230 (Clariant) which is based on AlPi and Flamtard S (William Blythe) 
comprising zinc stannate (ZS). 
 
2.2 Experimental matrix and compounding  
A standard formulation of 55 wt% HTPA, 30 wt% glass and 15 wt% FR, where FR represents the sum 
of concentrations of OP1230 and Flamard S, was selected as representative as typical for use in 
miniaturised electronic devices. Using experimental design software,  matrix 1 in Table 1 was created 
and all samples were compounded in the order stated within the processing laboratories of Clariant BU 
Additives using a Leistritz ZSE 27HP-44D (Ø = 27 mm, 44 D), twin screw extruder with a barrel 
temperature range = 310 – 330 ºC. 
 
In addition, a second smaller matrix of formulations was produced comprising a compounded control 
sample comprising 70 wt% HPTA and 30 wt% glass fibre together with two subsequent samples having 
compositions determined following the analysis of the matrix 1 results. These comprised 55 wt% HPTA, 
30 wt% glass, 11.25 wt% OP1230 and 3.75 wt% Flamtard S (to assess the repeatability with respect to 
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Run 8 in matrix 1) and 55 wt% HPTA, 30 wt% glass, 12.5 wt% OP1230 and 2.5 wt% Flamtard S. These 
matrix 2 samples were tested only for flammability behaviour. 
 
2.3 Characterisation methods 
 A series of tests using standard procedures on appropriate specimen sizes prepared from 
compounded polymer samples based on those in the test matrix shown in Table 2 was undertaken. 
Tests were carried out either in the laboratories of Clariant or the University of Bolton as designated in 
Table 2. 
 
With regard to cone calorimetric analysis, the main parameters recorded were time-to-ignition (TTI), 
total heat release (THR), peak heat release rate (PHRR), time to reach PHRR (TTP), total smoke 
release (TSR) and the derived smoke factor, SF (=TSR x PHRR) which is considered to reflect 
behaviour of samples when tested under smoke box conditions [9]. Smoke box parameters determined 
under both flaming and non-flaming conditions were the maximum optical density, Dsmax, time to reach 
Dsmax and optical density after 600s exposure, Ds600 at 50 kW/m2 heat flux. 
 
Thermogravimetric analysis (DTA/TGA) was undertaken using a TG Instruments SDT 2960 
simultaneous DTA-TGA instrument with 15 ±2 mg samples, 20 deg C/min under nitrogen and air 
conditions. 
 
3. RESULTS AND DISCUSSION 
 
In all tables of results below samples are coded as AlPix/ZSy signifying the presence of x wt% diethyl 
aluminium phosphinate and y wt% zinc stannate. The degree of reproducibility of experimentation for 
sample formulations devised using experimental design software in Table 1 may be assessed by 
comparing results in Tables 3-5 below for each of the three repeat AlPi0/ZS15 and each of the 
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duplicated AlPi 7.5/ZS7.5 and AlPi 15/ZS0 samples. Generally, reproducibility appears to be very good 
with, for example, LOI values for these sets of samples being 23.5-24.2, 31.0-31.1 and 39.8-42.0 vol% 
respectively (see Table 5). Similar consistency is seen within the UL94, GWIT and tensile properties 
below. The repeatability of the results is shown by comparing the AlPi 11.25/ZS3.75 results from the 
initial matrix 1 (Table 1) with that in the second smaller matrix 2. For instance the LOI values for matrix 
1 and 2 AlPi 11.25/ZS3.75 samples are 41.0 and 42.0 vol% respectively. All results from the matrix 2 
compounded samples are shown in italics in the following tables. 
 
3.1 Thermal analysis 
Figure 1(a) and (b) shows a selection of TGA curves which illustrates the effect of atmosphere on pure 
HTPA/GF and HTPA/GF in the presence of diethyl aluminium phosphinate (AlPi) and/or zinc stannate 
(ZS) and Tables 3 and 4 show all the temperature and residue data under nitrogen and air conditions 
respectively. In particular, Figure 1(a) shows that HTPA/GF sample major mass loss in nitrogen are 
complete by 500oC but in air there appears be a shoulder starting at about 450oC giving rise to a more 
gradual mass loss above this. Perepelkin et al [10] report that for aromatic polymers such as poly(m-
phenylene isophthalamide) and poly(p-phenylene terephthalamide), the thermogravimetric responses in 
air show very slightly higher residues (by 1 wt%) in the 450-500oC range and much lower values at 
about 700oC when heated in air compared with values observed after heating under nitrogen. Since the 
Vestamid HT plus HTPA is believed to be a copolymer of an aliphatic and an aromatic polyamide, it is 
possible that the observed higher residual char levels in the 450-500oC region are therefore a 
consequence of the aliphatic component. The recent work by Braun et al [8] shows a higher residue 
above 450oC when Zytel HTN 501 HTPA is heated in air as opposed to nitrogen and ascribe this to the 
formation of char, following peroxide formation at the α-carbon with respect to the amide nitrogen 
atoms present, plus oxidation of the AlPi to aluminium phosphate. Presumably a similar mechanism 
may be assumed to occur in this work with Vestamid HT plus HTPA. Furthermore, unpublished work in 
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our own laboratories suggests that increased residual levels are observed in the 450-550oC region 
when polyamide 6.6 alone is heated in air compared to nitrogen, thus demonstrating that a thermo-
oxidatively driven, char-forming mechanism is occurring. 
However, at 900oC, both TG responses have reached a constant value reflecting the glass fibre content 
of 30 wt%. In Figures 1(a) and (b) it is seen that for samples containing AlPi and/or ZS heated in air, not 
only are the respective onset temperatures less relative to that for HTPA/GF alone but also the HTPA 
shoulder between 450 and 500oC is clearly present and this is the case in all other samples containing 
either or both additives. Furthermore, all TG curves in air are shifted to lower onset temperatures 
compared to their analogues heated under nitrogen.  
From these curves and the mass loss data in Tables 3 and 4 for nitrogen and air respectively, it is 
evident that generally temperatures at 5 wt% (T5%) and 10 wt% (T10%) mass losses under nitrogen are 
greater than those in air as would be expected, whereas those for 50 wt% (T50%) are greater in air than 
under nitrogen. These observations confirm suggestions that the initial acceleration of chain scission 
reactions promoted by the presence of zinc stannate, AlPi or both is offset at temperatures approaching 
500oC by mass-increasing, oxidation reactions which increase residual contents. As stated above, a 
major component will be the increased residue under oxygen from the HTPA polymer.  
The T5% and T10% values in nitrogen for the HTPA/GF sample are considerably higher (409 and 436oC 
respectively) than in air (297 and 324oC) but compared with those containing AlPi, zinc stannate or both 
in nitrogen only slightly higher by at least 10oC. For example, average T5% values in nitrogen from Table 
3 for AlPi0/ZS15 and AlPi 15/ZS0 are 383±7 and 399±1.5oC respectively compare with the value for 
HTPA/GF of 409oC. This reflects the interactions of the flame retardant additives as well as reaction 
with the HTPA as temperatures approach 400oC. 
Table 3 and Figure 2 show that the TG (nitrogen) residual percentage mass values at 500oC generally 
decrease with increasing aluminium diethyl phosphinate content which probably reflects the observed 
A R Horrocks†, G Smart, S. Hörold, W.Wanzke, E. Schlosser and J. Williams; Polymer Degradation and Stability 
104 (2014) 95-103 
9 
 
volatilisation of this flame retardant reported by Braun et al [7, 11]. The presence of zinc stannate is 
responsible for increased residue levels for AlPi0/ZS15 (~51 wt%) samples compared with that of 32 
wt% for the HPTA/GF sample, although it is possible that some additional char may also be present. At 
900oC the residues of the AlPi0/ZS15 samples have reduced to about 45% which is close to the 
nominal combined presence of both glass fibre and zinc stannate. 
In air, T5% and T10% values for the HTPA/glass fibre sample values are less than those containing flame 
retardant additives, the converse of what occurs under nitrogen. It might be concluded that the 
presence of AlPi, ZS or both stabilize the HTPA to oxidation since the average T5% values in air from 
Table 4 for AlPi0/ZS15, AlPi 7.5/ZS7.5 and AlPi 15/ZS0 are 310±24, 337±13 and 329±5oC compared 
with 297oC for the HPTA/GF additive-free sample. Furthermore, residual mass losses at 500oC for all 
samples containing both flame retardants in varying proportions are remarkably similar as shown in 
Figure 2. It must be remembered that these high residues comprise a significant and constant inorganic 
glass fibre content in addition to any flame retardant and carbon char residues. At 500oC it is most likely 
that the presence of both zinc stannate (possibly as mixed tin and zinc oxides) [12] and aluminium 
phosphate will be major inorganic components, since the observed volatilization of AlPi observed by 
Braun et al [7, 11] may be offset in air by its oxidation. To corroborate this proposal, the maximum 
amount possible of aluminium phosphate within the AlPi15/ZS0 sample residue can be calculated. 
Since aluminium phosphate has a molecular weight of 122 compared with that for AlPi of 390, this 
equates to a maximum possible amount of 4.7 wt% in the residue of the AlPi15/ZS0 sample containing 
15 wt% AlPi. Table 3 shows that under nitrogen at 500oC, the additional residue is only 3 wt% after 
adding 15 wt% AlPi to HPTA/GF whereas from Table 4, the additional residue under air at 500oC is 8 
wt% since the average AlPi15/ZS0 sample residue is 51 wt% which compares with 43 wt% for the 
HTPA/GF sample. Since the glass fibre presence is 30 wt%, the additional 21 wt% will include 
unvolatilised AlPi, aluminium phosphate (AP) and increased HTPA-related char of which 8 wt% relates 
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to AlPi and AP and the remaining 13 wt% to char. This latter may be compared to the 11 wt% 
difference between air- and nitrogen-derived residue values for the HTPA/GF sample.  
The average residue of the two AlPi15/ZS0 samples at 900oC is 37.5wt% in air compared with 33.5 
wt% in nitrogen and so the difference of 4.0 wt% could constitute mainly aluminium phosphate, since at 
this temperature any remaining HTPA char will be effectively zero. Braun et al have examined residues 
after heating aluminium diethyl phosphinate in PA6.6 [7] and polyamide 6 (PA6) [11] to 1175k (902oC) 
under nitrogen and report respective residues of 2 and 3 wt%. From their FTIR spectra and bands at 
about 1080cm-1, they identify the residues to comprise aluminium phosphinate from AlPi/PA6.6 and 
aluminium phosphate from AlPi/PA6 samples. They show that most aluminium diethyl phosphinate 
volatilises yielding ethene and aluminium phosphinate upto 500oC or so leaving the observed small 
residues at 900oC. Their more recent work investigating the thermal degradation of glass-fibre-
reinforced (at 30 wt%) HPTA, Zytel HTN501,under both nitrogen and air conditions [8], shows that 
under the former, the residue from heated glass fibre-containing HTPA alone at 744K (471oC)  is 31.3 
wt% and this increases to 34.9 wt% when 15 wt% AlPi is present thus indicating an additional residue 
of about 3.6 wt% (which is comparable with our observed value of 3 wt%). When heated in air to 760K 
(487oC) the respective residues are 39.0 and 47.6 wt% in the absence and presence of AlPi. Thus 
oxidation gives rise to an additional residue of 18.6 wt% for the latter sample which is comparable to 
our value of 21 wt% at 500oC for the AlPi15/ZS0 sample. 
3.2 Flammability and smoke behaviour 
All collated simple flammability and ignition test results are presented in Table 5.  
3.2.1 Limiting oxygen index 
The LOI of the HTPA/glass fibre sample free of any flame retardant is 24.0 vol%. The results for all 
samples containing either zinc stannate, diethyl aluminium phosphinate or both are shown in Table 5 
and plotted in Figure 3. The previous value of 24.0 vol% in the absence of any flame retardant may be 
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contrasted with the average value for the HTPA/GF/15% zinc stannate (ZS15) samples of LOI = 23.8 
vol% indicating that the presence of zinc stannate alone promotes no flame retardancy as determined 
by this method. However, as the concentration of diethyl aluminium phosphinate increases, LOI 
increases linearly (R2=0.92), although some degree of asymptoting of the trend is observed towards a 
value range of 41 to 42 vol% when AlPi levels are 11.25% or greater (and [ZS] ≤ 3.73 wt%). 
3.2.2 UL 94 results 
UL94 test results are dependent on sample thickness with thinner samples (eg 0.8 mm) often giving 
lower ratings than thicker samples (eg 1.6 mm). Table 5 shows that the results for the two sets of 
samples of different thickness are generally very similar with V-1 or V-0 ratings being observed only 
when [AlPi] ≥ 11.25 wt% and [ZS] ≤ 3.75 wt%. All other samples ([AlPi] < 11.25 wt% and [ZS]  > 3.75 
wt%) showed excessive burn times and melt dripping and so were rated V-2. Only the 0.8 mm 
AlPi11.25/ZS3.75 sample yielded a V-1 rating whereas the others within this group all showed V-0. It 
would appear, therefore, that V-1/V-0 ratings approximately compare with LOI values of 40 vol% or 
greater. 
3.2.3 Glow wire ignition temperature 
The glow wire ignition temperature (GWIT) is defined as being that temperature which is 25°C higher 
than the maximum temperature of the tip of the glow wire which does not cause ignition of the material 
during three subsequent tests. During the test, the polymer specimen is held for 30 seconds against the 
tip of the glow wire with a force of 1 N. For electrical components in which polymers like HTPA are 
used, the GWIT should be at least 750oC for equipment used under stringent and 850oC for continuous 
conditions (see Table 2, method EN 60695-2-13:2001). Results in Table 5 show that all samples 
exceed 750oC and only HTPA/GF samples containing [AlPi] ≥ 11.25 wt% and [ZS] ≤ 3.75 wt% exceed 
GWIT values of 800oC. 
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3.2.4 Cone calorimetry 
The cone calorimetry results undertaken at 50 kW/m2 heat flux are shown in Table 6 and photographs 
of residues for the samples AlPi0/ZS15, AlPi7.5/ZS7.5 and AlPi15/ZS0 respectively are shown in 
Figures 4(a), (b) and (c). The time-to-ignition results suggest that while zinc stannate presence alone 
reduces TTI slightly, the presence of diethyl aluminium phosphinate has the converse effect, although 
only when the AlPi level is above 7.5 wt% and approaching 11.25 wt% does it recover sufficiently to 
yield TTI>65s, the control sample value. The subsequent time-to-peak (TTP) values are in the main 
below that for the control sample (TTP=167s) although while the matrix 1 AlPi 11.25/ZS3.75 sample 
has TTI=115s, the repeat sample (matrix 2) has TTP=177s and the AlPi 12.5/ZS2.5 sample, 
TTP=195s. It is probable that both these high matrix 2 TTP values were because samples were 
compounded and tested several months after the matrix 1 samples.  
Peak heat release rates (PHRR) show a sudden decrease from 413 kW/m2 for the control to about 293 
kW/m2, following the addition of 15 wt% zinc stannate, with a further sharp decrease to 200 kW/m2 for 
the matrix 1 AlPi 11.25/ZS3.75 sample. The PHRR values recovered to just over 250 kW/m2 when only 
diethyl aluminium phosphinate is present. This suggests that there is an interaction occurring between 
the ZS and AlPi which enhances the reduction in PHRR with respect to when each is present alone. 
Here good agreement between respective PHRR values of the matrix 1 and 2 AlPi 11.25/ZS3.75 
samples is observed, although the value for the matrix 2 AlPi 12.5/ZS2.5 sample appears to be 
unusually low at179 kW/m2. If the accepted cone calorimetric error of about ±10% is applied, this is 
comparable with both AlPi 11.25/ZS3.75 sample values. 
Total heat release values are generally lower than the control value and especially so when [AlPi] ≥ 
12.5 wt% and [ZS] ≤ 2.5wt%. 
With regard to the residues presented in Figure 4, the essentially white-coloured residue from sample 
AlPi0/ZS15 reflects the initial 15 wt% zinc stannate and 30 wt% glass fibre contents and the obvious 
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absence of char promotion by the former. This is corroborated by the TG residue data in Tables 3 and 4 
which show that the average TG residue at 900oC under air is about 43.8 wt% and under nitrogen is 
45.3 wt%, close to the expected 45 wt% total inorganic content. In Figures 4(b) and (c) char appears in 
increasing quantities as diethyl aluminium phosphinate is introduced at 7.5 and 15 wt% levels 
respectively. However, any char-promoting property of AlPi is not too significant as shown by 
comparing the average TG (nitrogen) 500oC percentage residual masses for AlPi15/ZS0 samples with 
the control HPTA/GF sample which have respective values of 32 and 35% of which 30wt% is glass 
fibre. As noted above, the reduction from the initial 15 wt% AlPi content by volatilisation under nitrogen 
in the main [7], coupled with our observation of increased residues at 500oC in air, has confirmed the 
suggestion [8] that aluminium phosphate is a significant decomposition product and will be possibly 
responsible for white aggregations seen in Figure 5(c). 
3.2.5 Smoke 
Smoke was measured both using the cone calorimeter (see Table 6) in terms of total smoke release 
(TSR) and smoke factor (SF) and using the NBS Smoke Box method according to ASTM E-662 in 
terms of the maximum smoke density value Dsmax, the smoke density after 600s, Ds600 and the time to 
reach Dsmax (see Table 7) under non-flaming and flaming conditions. Smoke box measurements were 
undertaken only on matrix 1 samples. 
Of the TSR and SF values, the latter is considered to be more comparable with Dsmax results and so will 
only be considered here. TSR values decrease and then further decrease as AlPi is replaced by ZS 
with average values asymptoting for TSR~680 MW/m2 when AlPi ≤ 3.75 wt% and ZS ≥ 11.25 wt%. This 
demonstrates that partial replacement of AlPi by ZS can significantly reduce smoke generation and 
even small additions of 2.5 – 3.75 wt% zinc stannate can reduce the average value for the AlPi 15/ZS0 
sample (1237 MW/m2) to 810-820 MW/m2 and yet maintain acceptable levels of flame retardancy in 
terms of achieving UL94 V-0 ratings (see Table 5). 
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Figure 5 shows the Dsmax values for Matrix 1 samples under non-flaming and flaming conditions and 
these largely reflect the SF vs AlPi/ZS concentration ratio trends discussed above in that as the diethyl 
aluminium phosphinate is progressively replaced by zinc stannate, Dsmax values decrease. Under non-
flaming conditions, the decrease is not continuous, however, with a minimum Dsmax value being 
observed for the AlPi3.75/ZS11.25 sample before rising again for the AlPi0/ZS15 samples. The Ds600 
values largely reflect the trends in Figure 5 even to the extent that the non-flaming value for averaged 
AlPi0/ZS15 samples is greater than that for the AlPi11.25/ZS3.75 sample. 
Under non-flaming conditions the times to Dsmax are virtually independent of composition whereas for 
the flaming condition, times to reach the maximum increase with zinc stannate concentration to an 
upper constant value when ZS ≥ 11.25 wt%. Thus not only does the increasing proportion of zinc 
stannate reduce the maximum levels of smoke generation, but under flaming conditions, slows its rate 
of formation. In fact increasing the zinc stannate concentration from zero to only 3.75 wt% increases 
the time to achieve Dsmax under flaming conditions by about 40%. 
Figures 6(a), (b) and (c) show photographs of typical AlPi0/ZS15, AlPi7.5/ZS7.5 and AlPi15/ZS0 
sample residues respectively under non-flaming and flaming conditions. The non-flaming condition 
sample images may be compared with the cone calorimetric residue images in Figure 4 in that while 
the exact exposure conditions differed, both sets of samples were exposed with an ignition source 
present. While the non-flaming AlPi0/ZS15 image (Figure 6(a)) does not show the whiteness of Figure 
4(a), when compared with sample residues containing increasing quantities of AlPi, the char is less 
dense and more grey than black because of the highest level of zinc stannate present. The intensity of 
the char appears to increase when AlPi levels increase from 7.5 to 15wt% under non-flaming conditions 
as was seen also in Figures 4(b) and (c). However, under non-flaming conditions, it is difficult to easily 
observe any great differences between the three samples except that all show significant char deposits. 
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3.3 Tensile and Mechanical Properties 
The tensile and impact test results for matrix 1 samples only are listed in Table 8 as a function of 
increasing aluminium diethyl phosphinate concentration and decreasing zinc stannate concentration. 
Generally, it would appear that reducing the ZS content at the expense of an increased AlPi level, 
causes the respective tensile strength and elongation-at-break values to increase. E-modulus values 
appear to be less concentration dependent although are greatest when no zinc stannate is present. 
However and  more specifically, when used at low concentration with aluminium phosphinate, zinc 
stannate (2 – 3wt%) maintains flame retardant performance at a UL94 V-0 rating and adds smoke 
suppression activity with no significant negative effect on mechanical properties.This relative [AlPi]/[ZS] 
ratio versus tensile property effect is the converse of our earlier observations with respect to polyamide 
6 [4] where we showed that the addition of zinc stannate to a number of formulations containing 
phosphorus-containing flame retardants counteracted any losses in tensile properties associated with 
their addition. 
Table 8 also shows that impact strength values measured by both methods also increase as the zinc 
stannate content increases in agreement with the tensile data and in fact samples containing 3.75% 
zinc stannate or less maintain the highest performance levels. 
 
4. CONCLUSIONS 
The effect of changing the ratio of aluminium diethyl phosphinate (as Exolit OP 1230) and zinc stannate 
(as Flamtard S) present within a glass fibre-reinforced, high temperature polyamide at a constant flame 
retardant level of 15 wt% has been shown to have both flame retardant and fire performance properties 
that depend on the ratio of concentrations of both these agents. Aluminium diethyl phosphinate is 
reported by Clariant [5, 6] to be able to yield a UL94 rating of V-0 when present in polyamides at 15 
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wt% and above and in this study the maximum flame retardancy of HTPA occurs when aluminium 
diethyl phosphinate is present at 15 wt%  to give LOI>40 vol% and V-0 ratings. The introduction of zinc 
stannate at levels up to 3.75 wt% (and 11.25 wt% aluminium diethyl phosphinate) maintains the LOI~40 
vol% and V-0 condition. Similarly, glow wire ignition temperatures (GWIT) and cone calorimetry results 
show that optimum fire performance also occurs when [ZS] ≤ 3.75% and [AlPi] ≥ 11.25% are realised. 
Peak heat release rate values of the unretarded HTPA/GF sample (413 kW/m2) are reduced when 
either zinc stannate (~292 kW/m2) or aluminium diethyl phosphinate (~254 kW/m2) are present at 15 
wt% with the greatest reductions occurring when the condition 2.5 wt% ≥ [ZS] ≤ 3.75 wt% and 12.5 wt% 
≥ [AlPi] ≥ 11.25 wt% is met.  
Smoke generation reduces only slightly when highest levels of AlPi are present compared with the 
HTPA/GF sample and then reduces further as the ratio [ZS]/[AlPi] increases, as might be expected 
from the known smoke suppressing properties of zinc stannate [12]. Tensile and impact properties are 
also optimal for the [ZS] ≤ 3.75 wt% and [AlPi] ≥ 11.25 wt% condition, suggesting that the slight 
decreases seen when the AlPi is present alone at 15 wt% are offset by the additon of ZS.  
At the mechanistic level, TGA studies confirm the earlier work of Braun and coworkers [8] which show 
that for the polymer component in glass fibre-reinforced, high temperature polyamide, the presence of 
oxygen stabilises and in fact increases the char residue in the 450-550 oC region when samples are 
heated in air as compared to when heated under nitrogen. Air oxidation further increases observed 
residues above 450oC when aluminium diethyl phosphinate is present and confirms that the reported 
volatilization occurring during pyrolysis under nitrogen [7] is now in competition with its oxidation to 
aluminium phosphate [8, 11]. Thus residues above 450oC in air comprise both increased char from 
HTPA plus residual aluminium phosphate with the latter remaining above 600oC after the former has 
oxidized. 
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In conclusion, it is evident that while zinc stannate does not act as a flame retardant either when 
present alone or with aluminium diethyl phosphinate in an HPTA/GF formulation, if present at levels of 
less than about 5 wt%, it reduces both peak heat release rate and smoke generation. In addition, when 
present at 3.75% levels or less, zinc stannate has little or no negative effect on tensile and impact 
properties. 
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Table and Figure Legends 
 
Tables 
Table 1: The initial experimental design matrix 1 
Table 2: Standard test procedures 
Table 3: Thermogravimetric analytical properties of samples heated in nitrogen 
Table 4: Thermogravimetric analytical properties of samples heated in air 
Table 5: Collated results for LOI, UL94 and glow wire ignition (GWIT) tests 
Table 6: Cone calorimeter results undertaken at 50 kW/m2 heat flux 
Table 7: Smoke box (ASTM E-662) results 




Figure 1: TGA curves of selected samples in nitrogen and in air, (a) HTPA/GF and AlPi7.5/ZS7.5 and 
(b) AlPi0/ZS15 and AlPi15/ZS0 samples 
Figure 2: TGA residual mass percentages at 500oC under nitrogen in air as a function increasing total 
AlPi (as Exolit OP 1230) concentration 
Figure 3: LOI values as a function of increasing AlPi concentration (which is the reverse of zinc 
stannate concentration); note that LOI of HTPA/glass fibre = 24.0 vol% 
Figure 4: Smoke density (Dsmax) results for matrix 1 samples under non-flaming and flaming conditions. 
Figure 5: Photographs of (a) AlPi0/ZS15, (b) AlPi7.5/ZS7.5 and (c) AlPi15/ZS0 sample residues after 
cone calorimetric exposure to a 50 kW/m2 heat flux. 
Figure 6: Photographs of residues after exposure to 50 kW/m2 during the smoke box ASTM E-662 test: 
(a) AlPi0/ZS15 non-flaming and flaming, (b) AlPi7.5/ZS7.5 non-flaming and flaming and (c) AlPi15/ZS0 
non-flaming and flaming conditions. 
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Table 1: The initial experimental design matrix 1 
 Experimental Run 
Component, 
wt% 1 2 3 4 5 6 7 8 9 
PA6T/66 55 55 55 55 55 55 55 55 55 
Glass fibre 30 30 30 30 30 30 30 30 30 
AlPi (Exolit 
OP1230) 7.5 0 15 0 0 7.5 15 11.25 3.75 




A R Horrocks†, G Smart, S. Hörold, W.Wanzke, E. Schlosser and J. Williams; Polymer Degradation and Stability 
104 (2014) 95-103 
21 
 
Table 2: Standard test procedures 
Fire performance Laboratory 
Cone calorimetry 1 (ISO 5660 at 50 kW/m2 heat flux) University of Bolton 
Limiting oxygen index (LOI) 2 (ASTM 2863) University of Bolton 
NBS smoke test under non-flaming mode (ASTM E-662) 3 University of Bolton 
Glow wire test ((IEC) EN 60695-2-13:2001) Clariant 




Mechanical properties  
Tensile strength (DIN EN ISO 527) Clariant 
Elongation at break(DIN EN ISO 527)  Clariant 
Impact strength (Charpy, ISO 179 Clariant 
 
Notes: Fire performance test piece dimensions: 
1 100 mm x 100 mm x 5 mm  
2 150 mm x 10 mm x 5 mm  
3 Test piece:  100 mm x 100 mm x 5 mm  
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HPTA/GF* 55 30 0 0 409 436 474 32 31 
AlPi0/ZS15 55 30 0 15 390 408 458 52 46 
AlPi0/ZS15 55 30 0 15 378 407 460 51 45 
AlPi0/ZS15 55 30 0 15 383 406 698 51 45 
AlPi3.75/ZS11.25 55 30 3.75 11.25 381 406 423 47 42 
AlPi7.5/ZS7.5 55 30 7.5 7.5 - 379 456 40 37 
AlPi7.5/ZS7.5 55 30 7.5 7.5 378 412 455 39 37 
AlPi 11.25/ZS3.75 55 30 11.25 3.75 378 403 458 38 36 
AlPi 11.25/ZS3.75* 55 30 11.25 3.75 370 395 461 34 32 
AlPi12.5/ZS2.5* 55 30 12.5 2.5 298 329 545 55 40 
AlPi15/ZS0 55 30 15 0 398 424 485 35 34 
AlPi15/ZS0 55 30 15 0 401 419 463 35 33 
Note: *Matrix 2 results are italicised 
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HPTA/GF* 55 30 0 0 297 324 496 43 32 
AlPi0/ZS15 55 30 0 15 286 286 491 47 41 
AlPi0/ZS15 55 30 0 15 310 353 500 50 45 
AlPi0/ZS15 55 30 0 15 334 381 506 53 45 
AlPi3.75/ZS11.25 55 30 3.75 11.25 340 388 532 54 43 
AlPi7.5/ZS7.5 55 30 7.5 7.5 324 374 535 53 42 
AlPi7.5/ZS7.5 55 30 7.5 7.5 350 406 469 49 40 
AlPi 11.25/ZS3.75 55 30 11.25 3.75 320 371 513 51 39 
AlPi 11.25/ZS3.75* 55 30 11.25 3.75 314 354 542 55 42 
AlPi12.5/ZS2.5* 55 30 12.5 2.5 372 395 463 35 34 
AlPi15/ZS0 55 30 15 0 324 380 531 53 38 
AlPi15/ZS0 55 30 15 0 333 398 486 49 37 
Note: *Matrix 2 results are italicised 
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Table 5: Collated results for LOI, UL94 and glow wire ignition (GWIT) tests 
 
Sample Code LOI, vol% 
UL 94 (1.6 
mm; total 
burn time, s) 
UL 94 (0.8 
mm; total 
burn time, s) 
V rating GWIT, oC 
AlPi0/ZS15 23.7 392 253 V-2 775 
AlPi 0/ZS15 23.5 362 215 V-2 775 
AlPi 0/ZS15 24.2 463 217 V-2 775 
AlPi 3.75/ZS11.25 25.3 197 134 V-2 775 
AlPi 7.5/ZS7.5 31.0 258 79 V-2 775 
AlPi 7.5/ZS7.5 31.1 240 103 V-2 775 
AlPi 11.25/ZS3.75 41.5 80 [V-1] 33 [V-0] V-1/0 825 
AlPi 11.25/ZS3.75* 41.0 - -   
AlPi 12.5/ZS2.5* 42.0 - -   
AlPi 15/ZS0 42.0 15  15  V-0 825 
AlPi 15/ZS0 39.8 9  24  V-0 825 
Control (HTPA/GF)* 24.0 - -  - 
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Table 6: Cone calorimeter results undertaken at 50 kW/m2 heat flux 
 
Sample Code 
TTI, s PHRR, 
kW/m2 




TSR, m2/ m2 Smoke 
factor, 
MW/m2 
AlPi0/ZS15 59 296 102 102 2384 705 
AlPi 0/ZS15 60 293 118 104 2642 661 
AlPi 0/ZS15 58 288 113 104 2605 692 
AlPi 3.75/ZS11.25 55 255 116 102 2656 683 
AlPi 7.5/ZS7.5 57 205 135 100 3635 745 
AlPi 7.5/ZS7.5 59 238 117 102 3605 858 
AlPi 11.25/ZS3.75 61 200 115 98 4040 1048 
AlPi 11.25/ZS3.75* 72 210 177 96.1 3906 820 
AlPi 12.5/ZS2.5* 70 179 195 87.85 4523 810 
AlPi 15/ZS0 72 250 118 85 4305 1078 
AlPi 15/ZS0 67 257 116 75 5314 1366 
Control (HTPA/GF)* 65 413 167 108 3602 1488 
Note: *Matrix 2 results are italicised 
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Table 7: Smoke box (ASTM E-662) results for matrix 1 samples 
















AlPi0/ZS15 333 1200 43  252 1182 86 
AlPi 0/ZS15 270 1200 29  229 1200 60 
AlPi 0/ZS15 226 1200 20  282 1199 56 
AlPi 3.75/ZS11.25 81 1199 19  380 1185 145 
AlPi 7.5/ZS7.5 134 1195 33  377 818 357 
AlPi 7.5/ZS7.5 145 1190 35  400 963 346 
AlPi 11.25/ZS3.75 241 1197 69  492 713 - 
AlPi 15/ZS0 305 1200 103  604 524 604 
AlPi 15/ZS0 264 1199 53  - - - 
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Table 8: Tensile and impact results of matrix 1 samples 




















AlPi0/ZS15 0 15 157 1.51 12206 43.0 6.57 
AlPi 0/ZS15 0 15 164 1.62 12269 59.3 6.61 
AlPi 0/ZS15 0 15 165 1.63 12192 56.7 6.56 
AlPi 3.75/ZS11.25 3.75 11.25 149 1.47 12013 36.5 6.49 
AlPi 7.5/ZS7.5 7.5 7.5 161 1.8 11863 49.7 6.32 
AlPi 7.5/ZS7.5 7.5 7.5 173 2.02 12103 59.6 7.12 
AlPi 11.25/ZS3.75 11.25 3.75 178 2.38 12280 61.5 6.88 
AlPi 15/ZS0 15 0 177 2.48 12720 69.8 7.54 
AlPi 15/ZS0 15 0 180 2.46 12957 70.4 7.57 
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Figure 1: TGA curves of selected samples in nitrogen and in air, (a) 
HTPA/GF and AlPi7.5/ZS7.5 and (b) AlPi0/ZS15 and AlPi15/ZS0 samples
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Figure 2: TGA residual mass percentages at 500oC under nitrogen in air as a function increasing total AlPi (as Exolit OP 1230) concentration 
  





Figure 3: LOI values as a function of increasing AlPi concentration (which is the reverse of zinc stannate concentration); note that LOI of 
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Figure 4: Photographs of (a) AlPi0/ZS15, (b) AlPi7.5/ZS7.5 and (c) AlPi15/ZS0 sample residues after cone calorimetric exposure to a 50 
kW/m2 heat flux 
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  Non-flaming Flaming 
Figure 6: Photographs of residues after exposure to 50 kW/m2 during the smoke box ASTM E-
662 test: (a) AlPi0/ZS15 non-flaming and flaming, (b) AlPi7.5/ZS7.5 non-flaming and flaming 
and (c) AlPi15/ZS0 non-flaming and flaming conditions. 
